Modulation spectroscopy in its Fourier
Introduction
The existence of a number of strong and narrow absorption lines of the environmentally relevant gasses in the mid infrared range of 3-4 μm is the driving force of optical sensors deve− lopment in this spectral region. One of such sensors' funda− mental components is a light source, which could be a semi− conductor laser due to its advantages as compactness, low fab− rication costs, narrow emission line in single mode operation, and relatively easy tunability. Quantum well structures based on GaSb substrate and composed of materials forming a type II interface as for instance InAs and GaInSb (broken gap system) have been demonstrated as an ideal candidate for the active part of the so−called interband cascade lasers suitable for the emission in the mid−infrared range [1] [2] [3] [4] . Such lasers have exhibited superior characteristics when compared to common type I QWs laser diodes which are hardly tuned to the long wavelength range or conventional quantum cascade lasers, for which fabrication becomes very challenging when the wave− lengths are shorter than 4 μm. Besides a number of papers con− cerning laser performances and full device structures charac− terization, also some of the fundamental type II QW active region optical properties have already been reported but only with respect to the normally confined states [4, 5] . Hereby, we would like to draw the attention to optical transitions observed in the optical spectra of such quantum wells in the spectral range above the GaSb barrier and to discuss their possible origin.
Samples and experiment setups
In order to detect the optical transitions in type II QWs, the absorption−like spectra in a form of modulated (differential) reflectivity have been measured by utilizing a Fourier spec− trometer where the 660−nm line of a semiconductor laser diode has been used as the external modulation source and a liquid nitrogen cooled InSb photodiode as detector [6, 7] . All the remaining details of the experimental setup have been described previously elsewhere [6, 7] .
The investigated structures were grown on (100) oriented GaSb substrates by a solid source molecular beam epitaxy system equipped with valved cracking cells for both anti− mony and arsenic. The band diagram and layer structure are sketched in Fig. 1 . The 'W'−shaped active part of the struc− ture consists of two InAs layers confining the electrons and a 3−nm wide Ga 0.70 In 0.30 Sb layer in between for the hole con− finement. In our studies, we have used several quantum well structures (five times repeated for enhancing the optical re− sponse) with various InAs and GaSb layer thicknesses. The re− spective thicknesses have been assigned as: d1 -InAs layers, d2 -GaSb layer separating the QWs, and d3 -GaSb cap layer. Figure 2 shows room temperature modulated reflectivity (DR/R) spectra for three GaSb/AlSb/InAs/GaInSb/InAs/ AlSb/GaSb W−like QW structures with different width of the InAs layer: (a) d1 = 1.9 nm, (b) d1 = 2.1 nm, and (c) d1 = 2.3 nm and constant GaSb layers thickness of d2 and d3 equal to 25 nm. As it can be seen and as expected, the thick− ness of the InAs layer strongly affects the energy of the fun− damental confined state type II transition in agreement with the previously reported tendency (80−meV shift when InAs width changes from 1.9 to 2.3 nm) [4, 5] . What is of interest in this work are the spectral features observed above the GaSb band gap (0.72 eV) and assigned R1, R2, R3, and R4 (see Fig. 2 .), which cannot be related to the confined state transitions. And in contrast to those, they are apparently almost insensitive to the changes of the InAs layer thickness (a maximum shift of 2 meV has been found). One possible origin of such above GaSb barrier transitions is the exis− tence of so−called resonant states in the higher energy range, related to the resonances in the transmission through the AlSb barriers. Similar transitions have been previously reported in GaAs QW structures also detected by modulated reflectivity techniques [8] . Such resonant states, especially when recalling that they are extended over five well regions, will be weakly sensitive to the properties of the thin InAs well itself. The states are located far above the well bottom and its thickness of about 2 nm is small compared to the se− parating GaSb layers being approximately 10 times thicker. Hence, the latter will determine their energy predominantly.
Results and discussion
In order to confirm the above stated hypothesis, there have been investigated two structures with different thickness of the GaSb separating layers (d2 = 25 nm and d2 = 30 nm) and nominally constant InAs thickness of 2 nm. Figure 3 shows a comparison of the respective DR/R spectra. The energy of the fundamental confined state changes only by 10 meV, which can most probably be related to a very tiny fluc− tuation in the thickness of the InAs layer. A discrepancy below 1 monolayer (approx. 0.1 nm) is enough to cause such a shift of the fundamental type II transition in these wells [4, 5] . On the contrary, the transitions above the GaSb energy shifts stronger~15,~25, and~35 meV for the transitions marked R1, R2, and R3, respectively. This is in agreement with the expectations while the GaSb spacer layer's thickness is varied and supports the above mentioned interpretation.
There can also be considered another scenario of the above barrier transitions behaviour. One could imagine an existence of a kind of surface QW formed of the GaSb cap and confined by the vacuum potential on one side and AlSb layer on the other (partly, as this is only 2−nm thick). Optical transitions related to that sort of surface QWs have already been reported in different material systems, also by using modulation spectroscopy in GaAs [9] , GaN [10] , SiGe [11] or ZnO [12] systems. For the purpose of the current discus− sion, there have been investigated three W−shape QW struc− tures differing only in the thickness of the GaSb cap layer, i.e., the layer terminating the entire sample (all the remain− ing GaSb layers and InAs layers are identical in these three samples and equal to 25 and 2 nm, respectively). Figure 4 shows room temperature DR/R spectra for GaSb cap thick− nesses d3 of 10 nm, 20 nm, and 30 nm, respectively. It can be clearly seen that the above GaSb barrier transitions do not shift with the change of the cap thickness, which would quite unequivocally exclude the surface QW origin and support the explanation with the resonant states rather.
Conclusions
In conclusion, by using Fourier−transformed modulation spectroscopy we observed above barrier transitions in type II InAs/GaInSb QW structure on GaSb substrate emitting in the mid−infrared range. Based on the analysis of the absorp− tion−like optical spectra, in a function of the layer structure details, they have been identified as connected with the res− onant tunneling states above the wells and above the GaSb barriers. Their quantitative description requires calculations of the resonances in the transmission through such a struc− ture, which are in progress and will be a subject of an independent publication. 
